The activity of most brainstem serotonergic cells is suppressed during sleep, particularly the rapid eye movement (REM) receptor agonist (±)8-hydroxy-2-(di-N-propylamino)tetrealin hydrobromide (8-OH-DPAT).
1.
The activity of most brainstem serotonergic cells is suppressed during sleep, particularly the rapid eye movement (REM) phase. Thus, they may play a major role in state-dependent changes in CNS functioning. Our main goal was to search for medullary raphe cells having axonal branches in the region of the hypoglossal (XII) motor nucleus and assess their behaviour during the atonia produced by microinjections of a cholinergic agonist, carbachol, into the dorsal pontine tegmentum. In chronic animals, such microinjections evoke a desynchronized sleep-like state similar to natural REM sleep; in decerebrate animals, they produce eye movements and a motor suppression similar to the postural atonia of REM sleep. 2. In decerebrate, paralysed, vagotomized and artificially ventilated cats, we recorded extracellularly from medullary raphe cells antidromically activated from the XII nucleus region. Forty-five cells recorded in the raphe obscurus and pallidus nuclei were antidromically activated with latencies characteristic of non-myelinated fibres (4A4-42-0ms).
For thirty-three of the forty-five cells, we found one or more axonal branches within or just below the XII nucleus. The remaining twelve cells, in addition to the XII nucleus, had axonal ramifications in the medial nucleus of the solitary tract (NTS) and/or the dorsal motor nucleus of the vagus (DMV). 3. A subset of fourteen spontaneously active cells with identified axonal projections were held long enough to be recorded during the carbachol-induced atonia, and eight of these also during the subsequent recovery and a systemic administration of the serotonergic1A receptor agonist (±)8-hydroxy-2-(di-N-propylamino)tetrealin hydrobromide (8-OH-DPAT).
All but one were suppressed during the atonia in parallel to the suppression of XII, phrenic and postural nerve activities (firing rate,1P3 + 0 7 Hz before and 0-1 + 0-2 Hz after carbachol (means + S.D.)). Following the recovery from the atonia, the firing rates of the eight cells increased to the pre-carbachol level(1P6 1.0 Hz). Subsequently, all were silenced by 8-OH-DPAT. 4. These cells fulfil most physiological criteria for serotonergic cells and have the potential to modulate, in a state-dependent manner, activities in the motor XII nucleus, visceral sensory NTS, and DMV. The decrements in serotonergic neuronal activity that occur during the carbachol-induced atonia suggest that a similar withdrawal of serotonergic input may occur during REM sleep and contribute to the characteristic reductions in upper airway motor tone.
The neurones of the medullary raphe (mid-line magnus, (Skagerberg & Bjorklund, 1985) . In addition, some pallidus and obscurus nuclei and cells of the parapyramidal medullary raphe cells send their axons to the brainstem region) form a heterogeneous and intermingled population orofacial (trigeminal, facial, vagal, and hypoglossal (XII)) having diverse properties and functions. Subsets of these motor nuclei (Fort, Luppi, Sakai, Salvert & Jouvet, 1990;  neurones have axonal projections to the spinal cord dorsal Manaker, Tischler & Morrison, 1992; Li, Takada Thor & Helke, 1987; Schaffar, Kessler, Bosler & Jean, 1988) , a major termination site of cranial nerve visceral afferents. Immunocytochemical studies combined with retrograde tracing demonstrated that many raphe cells projecting to the dorsomedial medulla are serotonergic (Thor & Helke, 1987; Schaffar et al. 1988; Li et al. 1993; Manaker & Tischler, 1993) . In electrophysiological studies, serotonergic neurones can be recognized by their slow, regular discharge, long duration action potentials and slow axonal conduction velocities (West & Wolstencraft, 1977; Heym, Steinfels & Jacobs, 1982; McCall & Clement, 1989 ; see Jacobs & Azmitia, 1992 , for a review). An important characteristic of brainstem serotonergic neurones, including those in the medulla, is the strong state dependence of their activity; they are most active during wakefulness, reduce their activity during slow wave sleep, and reach a minimum during rapid eye movement (REM) sleep (Heym et al. 1982; Trulson & Trulson, 1982) . In a series of recent studies, we investigated the hypothesis that a withdrawal of the serotonergic excitatory drive to upper airway; including XII, motoneurones plays an important role in the sleep-related decrements in their excitability (Kubin, Tojima, Davies & Pack, 1992; Kubin, Reignier, Tojima, Taguchi, Pack & Davies, 1994) . The purpose of the present study was to identify cells that fulfil the three criteria required by this hypothesis: they have axonal arborizations within the XII nucleus; they are likely to be serotonergic; and they reduce their activity during sleep, particularly REM sleep, when the activity of upper airway muscles reaches its nadir (e.g. Sauerland, Orr & Hairston, 1981) . Since a study of single cells during natural sleep is difficult to combine with electrophysiological investigation of their projections, we used acute decerebrate cats in which a state having important similarities to natural REM sleep (see below) was produced by pontine microinjections of a cholinergic agonist, carbachol. The rationale for using the carbachol model is based on extensive evidence that pontine carbachol microinjections in both chronically instrumented and acutely decerebrate animals activate at least a subset of the same mechanisms as those activated during natural REM sleep. In brief, in chronically instrumented animals, there is: (1) a remarkable polygraphic similarity between the carbachol-induced state and naturally occurring REM sleep (Silberman, Vivaldi, Garfield, McCarley & Hobson, 1980; Vanni-Mercier, Sakai, Lin & Jouvet, 1989) ; (2) site specificity of the effect (VanniMercier et al. 1989) ; (3) an appropriate REM sleep-related change in acetylcholine release at the same pontine sites where carbachol is effective (Kodama, Takahashi & Honda, 1990 Lai & Siegel, 1990; Takakusaki, Matsuyama, Kobayashi, Kohyama & Mori, 1993) , eye movements (Tojima, Kubin, Kimura & Davies, 1992) , and a stereotyped depression of the respiratory motor output (Kimura et al. 1990 ). Importantly, the changes in membrane properties of lumbar motoneurones after the injection of carbachol in decerebrate cats are similar to those observed during natural REM sleep, including discrete, large amplitude, state-specific inhibitory postsynaptic potentials (Morales et al. 1987) . Thus, changes in brainstem neuronal activity following pontine carbachol injections, whether in intact or decerebrate animals, are likely to result from activation of at least a subset of those mechanisms and pathways that are also activated during REM sleep.
Use of the acute carbachol model enabled us to determine directly the axonal projections of medullary raphe cells. We identified a population of putative serotonergic raphe cells that reduce their activity during the carbachol-induced atonia and have axonal projections that should allow them to control both the motor output from, and the visceral sensory input to, the dorsomedial medulla. A preliminary report has been published (Woch, Pack, Davies & Kubin, 1994) .
METHODS

Animal preparation
The data were obtained from twenty cats of either sex (2-1-2-9 kg), preanaesthetized with ketamine (80 mg, I.M.) and diazepam (2 mg, I.M.), intubated, anaesthetized with halothane (0'2-1 0%) and decerebrated at a precollicular level under halothane (Kirsten & St John, 1978) . The entire forebrain cranial to the superior colliculus was removed, thus removing all areas of the brain involved in the conscious perception of pain. Anaesthesia was then discontinued. The procedures used to minimize discomfort, for anaesthesia, for decerebration, and for all subsequent preparation of the animal and recording were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. The surgical methods, techniques of recording from peripheral nerves and pontine microinjections have been described in detail elsewhere (Kubin, Kimura, Tojima, Davies & Pack, 1993 effective current spread made this likely, responses having the same latencies obtained from several closely spaced penetrations were regarded as representing one and the same branch. Finally, the locations of minimum threshold points were transferred onto a standard parasagittal cross-section of the medulla, so that their position with regard to the obex and the nuclei of the region was preserved. Similarly, the locations of the marked recording sites along the mid-line were transferred to a standard mid-sagittal section, so that their position with regard to the obex and the floor of the 4th ventricle was preserved.
To analyse the spontaneous activity patterns of the cells, the action potentials were converted to standard pulses. Interspike interval histograms and autocorrelation histograms were obtained from the control cell activity using an IBM computer-based data acquisition and analysis system (EGAA system, R-C Electronics, Santa Barbara, CA, USA). The variability of the means is characterized by standard deviation (S.D.) throughout this report.
RESULTS
Our interest was limited to those neurones located along the mid-line of the medulla and having axonal projections to the XII nucleus. Therefore, the first step was to record from raphe neurones and verify that they were antidromically activated from the XII nucleus region. Fortyfive cells were found, and these are described first. Twentynine of them were spontaneously active and thus suitable for the study of their behaviour following pontine carbachol injections. However, only fourteen of the spontaneously active cells with identified axonal projections were held long enough to be recorded during the carbachol-induced atonia, and eight of those during the subsequent recovery and 8-OH-DPAT administration. No criteria other than the presence of spontaneous activity, antidromic activation from the XII nucleus region and recording stability were used in selecting these cells for further study. In a single experiment, the response to pontine carbachol can be produced in the cat only twice (one microinjection on each side; Kimura et al. 1990 axonal branches located less than 350 um from the stimulating electrode tip (cf. depth-threshold curves in Figs 2 and 3) . Thus, for these thin fibres, stimulation within a single electrode track covers only a small volume of the dorsomedial medulla (cf. Kubin et al. 1991 ).
Depth-threshold curves were constructed for all antidromically activated cells. Figures 2 and 3 show examples of such curves for two cells with axonal branches. For the cell shown in Fig. 2 , the nine penetrations made within the XII nucleus region covered an area extending 1 mm rostrocaudally and 0 9 mm mediolaterally from the obex. In eight of these penetrations, we found antidromic responses with A at least ten different latencies and minimal thresholds ranging from 15 to 550 ,sA. All axonal branches so identified were localized within, or ventral to, the XII nucleus. However, in this early experiment of this series, more dorsal regions (NTS and dorsal motor nucleus of the vagus (DMV)) were not as thoroughly tested as in subsequent experiments. Figure 2A shows, in a parasagittal section, the location of one of these penetrations and the depth-threshold curves obtained from this track.
Responses with four different latencies were found (10 0, 10-7, 11i0 and 11i5 ms). For two of these (10 0 and 11i5 ms), a minimum threshold point could be localized because points with a higher threshold were found both above and below the minimum point. For the other two latencies, the location of the minimum could not be determined directly due to the occurrence of a response with another, shorter, latency (presumably evoked in a branch located more proximal to the cell body). To estimate the distance between the minimum threshold point and the stimulated fibre, data points corresponding to each of the four distinct latencies were interpolated by best-fitting second-order polynomials (cf. Davies & Kubin, 1986; Kubin et al. 1991) . Figure 2B shows the results of collision tests (Ba and b), the ability of the cell to follow stimuli applied with a frequency higher than the minimal interspike interval between the spontaneous and the antidromically In contrast to the limited projections found for the cell in Fig. 2 , the cell shown in Fig. 3 had axonal branches in the medial NTS, DMV and XII nuclei. Four antidromic latencies were detected in the penetration shown in Fig. 3A , with minimum threshold points located in regions corresponding to the three nuclei. In addition, a branch was found in the reticular formation ventral to the XII nucleus. Figure 3Ba shows superimposed sweeps of antidromic responses produced by stimulation at a depth of 1-75 mm with a stimulus intensity such that the response with either the 8 ms or the 14-5 ms latency occurred at random. Figure 3Bb shows the collision of the antidromic response with a spontaneous spike, and Fig. 3Bc the ability of the cell to follow a pair of stimuli at an interval shorter than that possible between the spontaneous and antidromic action potentials. Table 1 the mean third-to-second quartile ratio was 1P4 + 0 4 and significantly different from 1P0 (P < 0-02; range, 0 9-2 0). Figure 4 (left column) shows three typical examples. The autocorrelograms of the cell activities (Fig. 4 , right column) were either flat (part A), or showed moderate oscillations that were damped after 3-4 cycles (parts B and C).
Behaviour of antidromically activated cells during the carbachol-induced atonia
Figures 5A and 6A show examples of changes in the activity of two cells following pontine microinjection of carbachol. They were selected because they represent the extremes of the rate of the response to carbachol: a very gradual suppression of motor activities in Fig. 5A , and a rapid suppression in Fig. 6A . In these, and all other cases, the change in cell firing rate paralleled the suppression of motor activities.
Following a successful recording throughout the time course of the carbachol-induced depression of motor activities, eight cells were maintained until a sustained recovery from the depression either occurred spontaneously or was produced by atropine. In all eight cases, the cell firing rate returned to, or to slightly above, that observed before carbachol injection (Table 1) . After the recovery from the effect of carbachol, the eight cells were challenged with 8-OH-DPAT administration (0-2 mg s.c. for 3 cells, and 10-60 jig iv. for 5 cells). In all cases, 8-OH-DPAT abolished the activity or reduced it to less than 0-1 Hz (Table 1) . Examples are shown in Figs 5B and 6B. Figure 7 shows the mean control firing rates and those during the carbachol-induced atonia for the thirteen cells Table 1. suppressed by carbachol. The average was 1P3 + 0 7 Hz before, and 0-1 + 0 2 Hz after, carbachol (P< 0-0001, paired t test). (The one cell not suppressed is not shown in this figure, see below.) For the seven of those thirteen cells that were tested further, the figure also shows their firing rates after the recovery from the carbachol effect and following the administration of 8-OH-DPAT. For these seven cells, the average firing rates before and after carbachol were also different (1P4 + 0-8 and 0-1 + 0 3 Hz, respectively; P < 0'003, paired t test), while there was no difference between the firing rate before carbachol and after the recovery (1 P 6 + 1 0 Hz; P > 0 4, Wilcoxon signed rank test). The average firing rate after carbachol was not different from that following 8-OH-DPAT (0X01 + 0 04 Hz; P > 0X6, Wilcoxon signed rank test). One cell (listed at the bottom of Table 1 ) increased its firing rate following carbachol administration, and a further increase was observed following the recovery from the carbachol-induced atonia. Thus, the cell was classified as A not responsive, rather than paradoxically responsive, to the carbachol-induced motor suppression. Otherwise, the cell was not different from the remaining thirteen cells, although it was only partly suppressed by 20 and 40 ,ug of 8-OH-DPAT and became silent only after a cumulative dose of 60 ,ug (I.v.) . In contrast, three other cells were silenced by 10-25 jug of 8-OH-DPAT (cells 27/1, 29/2 and 39/7 in Table 1 ; see Fig. 6B ). Figure 8A shows the location of the recording sites for the fourteen cells studied with carbachol. The cells were scattered throughout the explored portion of the raphe obscurus and pallidus nuclei rather than localized to one particular locus. All the sites were located not farther than 200 ,um from the mid-line, as identified by the characteristic pattern of blood vessels penetrating this region. The cells differed with regard to the sites of their axonal projections (Table 1) . For all but two, branches were found within the XII nucleus. This is likely to reflect the bias of our searching procedure whereby cells were accepted for Table 1. further testing only when the initial stimulation from within the XII nucleus produced an antidromic response (see Methods). Nevertheless, for one cell, the minimum threshold points were localized only below (within 400-600 /sm; cell 34/3, Table 1 ) and for one cell (29/2, Table 1 ) only above, the XII nucleus. Two cells had distinct branches with minimum threshold points localized in the XII nucleus, DMV and medial NTS (one shown in Fig. 3 ). Three other cells had axonal branches only within the XII and medial NTS nuclei. Given that our procedure favoured cells projecting to the XII nucleus, the extent of branching dorsal to the XII nucleus must have been underestimated. Figure 8B shows, superimposed on a parasagittal section of the dorsomedial medulla about 1 mm lateral to the midline, the location of all the distinct minimum threshold points found for these fourteen cells. Only the points with minimum thresholds less than 500 1uA are shown (mean minimal threshold for the fifty-nine points shown was 180 + 150 ,uA, with nineteen sites having thresholds of 3-6-50 1uA). The 500 1uA threshold limit corresponds to a maximal distahce from the stimulating electrode to the stimulated fibre of less than 200-400,um, depending on the thickness of the particular fibre studied. Of these fiftynine sites, thirty-one were in the XII nucleus, nine in the medial NTS, five in the nucleus intercalatus (a structure interposed between the DMV and XII nuclei but not shown in this figure) , twelve in the reticular formation ventral to the XII nucleus, and only two in the DMV. The average antidromic response latencies tended to be longer in dorsal than in ventral locations. The mean for the reticular formation just below the XII nucleus was 10 + 11 ms; for the XII nucleus, 14 + 9 6 ms; and for the NTS, 16 + 10 ms, but the differences between any two locations were not statistically significant. (Fort et al. 1990; Li et al. 1993; Manaker & Tischler, 1993) . The presence of medullary collaterals in the region of the rostral ventrolateral medulla (RVLM) involved in cardiovascular regulation was reported for a population of bulbospinal raphe pallidus neurones (Morrison, 1993) . More extensive are electrophysiological studies of spinally projecting raphe cells, particularly those proposed to be involved in cardiovascular (e.g. Morrison & Gebber, 1984 McCall & Clement, 1989; Gilbey, Futuro-Neto & Zhou, 1995) and pain (e.g. Wessendorf & Anderson, 1983; Willcockson, Gerhart, Cargill & Willis, 1983) control by raphe pallidus/obscurus and magnus nuclei, respectively. There are no electrophysiological studies of the presumably serotonergic cells (axonal conduction velocities < 6 m s-'; West & Wolstencroft, 1977; Wessendorf & Anderson, 1983) Jacobs & Azmitia, 1992 , for a review). In the medulla, the sensitivity of putative serotonergic cells to inhibition by serotonin and 8-OH-DPAT was reported in one study to be as high as those in the dorsal raphe nucleus (McCall & Clement, 1989) , but other studies observed relatively weak inhibitions in raphe magnus (Wessendorf & Anderson, 1983) and pallidus (Heym et al. 1982; Trulson & Frederickson, 1987) McCall & Clement, 1989) . The cells in our study were also suppressed during the carbachol-induced atonia, parallel to the decrease in XII, phrenic and postural activities. Such behaviour is analogous to the behaviour of putative serotonergic medullary raphe cells during natural REM sleep (Heym et al. 1982; Trulson & Trulson, 1982 (Trulson & Frederickson, 1987) , and in anaesthetized (McCall & Clement, 1989) (Heym et al. 1982) . Analogously, the cells that we studied were suppressed during both the carbachol-induced atonia and by 8-OH-DPAT. (Morrison & Gebber, 1985) . The substantial projections to both the XII nucleus and NTS suggest that at least some of our cells have widespread axonal projections within the medulla. This is consistent with anatomical studies that show diverging projections of the raphe system to many levels of the neuraxis (Skagerberg & Bj6rklund, 1985) . In particular, many cells of the medullary raphe have both a spinal axon and intramedullary collaterals (Lovick & Robinson, 1983; Manaker et al. 1992; Allen & Cechetto, 1994 (Morrison & Gebber, 1984 McCall & Clement, 1989 (Li et al. 1993 ), or combinations of medullary and spinal sites involved in pain (Lovick & Robinson, 1983) or cardiovascular (Morrison, 1993) and that the extracellular level of serotonin decreases in the XII nucleus region during the atonia produced by pontine carbachol injections 
